INTRODUCTION
Nucleotide selectivity by DNA polymerases primarily depends on the polymerisation active site geometry, which is designed to accept Watson-Crick base pairs and reject base-pairs differing from this geometry. dNTP binding induces conformational changes in the DNA polymerase, that precede chemical changes, and that are more than 10,000 times slower for incorrect than for correct dNTPs. These conformational changes position the incoming nucleotide for catalysis. Additionally, a slower rate of phosphodiester bond formation may further discriminate incorrect dNTPs (reviewed in 1). For the case in which misincorporation could not be prevented, most DNA polymerases contain, besides their DNA-primed 5'-3' polymerisation activity, a 3'-5' exonuclease activity, which plays an important role in correcting incorporation errors, improving at least two orders of magnitude the fidelity of the replication process. φ29 DNA polymerase, a small 66 kDa monomeric enzyme belonging to the family of the eukaryotic-type DNA replicases (2, 3) , also referred to as family B (4), has, in addition to these two activities, the ability to initiate φ29 DNA replication using a protein as primer (reviewed in 5). Whereas its DNA polymerisation activity is highly accurate (discrimination factor between correct and incorrect nucleotides ranges from 10 4 to 10 6 ), protein-primed initiation of TP-DNA has been shown to be rather inaccurate with a discrimination factor of only 10 2 (6) . Initiation occurs opposite the second 3´-T residue of the TP-DNA template (7) and consists in the formation of a covalent phosphoester linkage between the hydroxyl group of Ser 232 in the TP and 5´-dAMP (8) catalyzed by φ29 DNA polymerase in the presence of divalent metal ions (9) . The product, TP-dAMP, is not degraded by the 3´-5´ exonuclease activity (6) .
Therefore, the low fidelity of φ29 DNA polymerase during initiation would produce a high mutational rate on the initiation product. "Sliding back" of the initiation product in front of the first 3´-T residue of the template strand allows the second nucleotide to serve a second time as template for the following step, the TP-(dAMP) 2 formation (7). This mechanism is proposed to control the fidelity of the initiation reaction. After some transition steps, φ29
DNA polymerase replicates each DNA strand, while displacing the other. Due to its high processivity ( >70 kb) and strand displacement capacity this DNA polymerase does not by guest on http://www.jbc.org/ Downloaded from need the help of any helicase or processivity factor to replicate completely its 19 kb linear natural template, the TP-DNA (10, 11) .
Three functional subdomains responsible for polymerisation have been defined by comparison of the crystal structures of several DNA polymerases from families A and B following their structural similarity to a right hand: palm, fingers and thumb (12) . The palm contains the polymerisation active site, while the thumb has been proposed to be important for DNA binding and processivity, and the fingers subdomain was shown to undergo substrate-induced conformational changes upon binding of both DNA and dNTP, rotating towards the palm to form a dNTP-binding pocket (reviewed in 13 and 14) . In agreement with this, the highly conserved motif B (15) , located in the fingers subdomain, was shown to be involved in both template/primer binding and dNTP selection in DNA polymerases from families A and B (see Fig. 1 ). The role of motif B (consensus sequence "KLx 2 NSxYG" in family B DNA polymerases) was first studied by site-directed mutagenesis in φ29 DNA polymerase: Tyr390 was shown to be involved in DNAdependent dNTP binding (16) and proposed to be directly involved in checking basepairing correctness of the incoming nucleotide (17) ; mutations in Gly391 affected DNA binding, while mutations in Asn387 and Ser388 caused intermediate phenotypes (18) ; lately, the invariant Lys383 was shown to be one of the two residues that interact directly with the phosphate groups of the incoming nucleotide (19, 20) .
In this study we complete the analysis of the "KLx 2 NSxYG" motif ( Fig. 1 ) by assessing the functional importance of its second residue, Leu384 of φ29 DNA polymerase. The results indicate that this residue is important for positioning the templating nucleotide at the polymerisation active site, thus controlling nucleotide insertion fidelity during templatedirected TP-primed initiation and DNA-primed polymerisation.
EXPERIMENTAL PROCEDURES
Nucleotides and Proteins.-Unlabeled nucleotides were purchased from Pharmacia P-L promoter (28) . The presence of the desired mutation and the absence of any other changes were confirmed by complete sequencing of each φ29 DNA polymerase mutant gene.
Sequencing was carried out by the chain termination method, using Sequenase version 2.0 from U.S. Biochemical Corp., and a set of synthetic oligonucleotides complementary to the φ29 DNA polymerase gene as sequencing primers. Expression of the mutant proteins was carried out in the E. coli strain BL21(DE3) pLysS, which contains the T7 RNA polymerase gene under the control of the IPTG-inducible lacUV5 promoter, and a plasmid constitutively expressing T7 lysozyme (29, 30) . The purification of wild-type and mutant φ29 DNA polymerases was done as described by Lázaro et al. (27) .
Buffers.-The 10x reaction buffer (RB) used in all assays contained: 500 mM Tris-HCl, pH 7.5, 10 mM dithiothreitol, 40% glycerol and 1 mg/ml bovine serum albumine (BSA). The buffer used for dilution of the polymerase contained: 25 mM Tris-HCl, pH7.5, 120 mM NaCl, 1 mg/ml BSA and 50% glycerol.
DNA gel retardation assay.-The interaction of either wild-type or mutant φ29 DNA polymerase with a template/primer structure was assayed using the 5´-labeled sp1/sp1c+6 The analysis of the base specificity during DNA-primed polymerisation was studied in two experiments: the first was a truncated polymerisation experiment using the template/primer structure (sp1/sp1c+13) and 1, 5, 25 and 100 µM of dATP, dCTP and dTTP. The reactions were performed as described above for the pol/exo coupled assay, but incubated on ice to reduce exonucleolytic degradation. The second experiment was performed with the four possible variations of the template/primer structure (sp1/sp1c+6), differing only in the first template base (position 16), by separate addition of each of the four dNTPs at 100 µM and incubation on ice to reduce exonucleolytic degradation. an oligonucleotide (ss-oriR or ds-oriR, 29 mer) was performed as described by Méndez (7) using the reaction mixture described above with 72 nM of the respective DNA polymerase, x 0.5 mm) as described (7), and detected by autoradiography. Quantitation was performed by densitometric scanning of the autoradiograms.
Replication
The incubation mixture of the TP-DNA replication reaction was as described above, but with 20 µM of the four dNTPs. The incubation time at 30 o C was 5, 15 and 60 min. The
Cerenkov radiation in the excluded volume after filtration through Sephadex G50 spin columns was measured and used for quantitation. Elongation was studied by alkaline 0.7 % agarose gel electrophoresis (33) . The position of unit length φ29 DNA in the agarose gels was detected by ethidium bromide staining. The autoradiogram of the dried gels revealed the elongation efficiency. substitute it with a polar (Q) and a positively charged (R) amino acid. These mutations were designed according to general suggestions for conservative substitutions (34) and secondary structure predictions (35, 36) . The wild-type and mutant φ29 DNA polymerases were purified to homogeneity as described in Experimental Procedures.
RESULTS

Conservation of the second residue of the "KLx
Leu384 of 29 DNA polymerase is involved in DNA binding.
The interaction of the wild-type and mutant φ29 DNA polymerases with a template/primer structure was studied by gel retardation assays (described under Experimental Procedures).
In a native gel the wild-type enzyme bound to the template/primer structure results in a single retardation band (see Fig. 2 ), that most likely corresponds to a protein-DNA interaction in which the primer-terminus is stabilized at the polymerisation active site (31) .
Both mutations in residue Leu384 caused a reduction in the DNA binding ability of φ29
DNA polymerase (see Fig. 2 and Table I ). Whereas mutant L384Q was about 2-fold reduced in DNA-binding capacity, mutant DNA polymerase L384R was especially affected in forming a stable DNA polymerase/DNA complex, resulting in retardation of the labeled DNA along the whole lane (Fig. 2) . Similar results were obtained when a labeled ssDNA oligonucleotide was used (not shown). It should be noticed that the faint retardation band corresponding to the mutant DNA polymerase L384R/DNA complex run at a slightly different position than the wild-type DNA polymerase/DNA complex (Fig. 2) . This fact reflects an abnormal binding that could be due to a change in the orientation/stabilization of the 3´-end of the substrate. An alteration like this could be induced by the loss of a specific contact with the hydrophobic portion of the nitrogen bases of the DNA or by the introduction of a longer and positively charged side chain in close proximity to the ssDNA binding region. The poor stability of the L384R/DNA complex, evidenced by the smeared retardation products, together with the altered mobility obtained could explain its reduced 3´-5´ exonuclease activity (see Table I ).
Exonucleolysis to polymerisation switching by 29 DNA polymerase mutants at Leu384.
The pol/exo balance not only depends on the polymerisation and exonuclease activities, but also on the affinity of the polymerisation active site for the nucleotides and on the partition . Mutant DNA polymerase L384Q was able to perform the different polymerisation steps at the same dNTP concentrations as the wild-type DNA polymerase (Fig. 3) . Its exonuclease activity, determined as described in Materials and Methods, seemed to be slightly impaired (Table I) paralleling its mild defect in DNA binding. On the other hand, the exonuclease activity of mutant DNA polymerase L384R was strongly affected (Table I) , paralleling its defect in DNA binding capacity. This mutant polymerase was able to polymerise the first nucleotide at a 25 times lower dNTP concentration (1 nM)
than the wild-type DNA polymerase, but needed also 100 nM dNTPs to replicate the template/primer substrate from position 16 to 20 (Fig. 3 ). Interestingly, it was able to insert the 6 th nucleotide in front of the last nucleotide of the template (position 21) at 100 nM dNTPs, a 10 times lower concentration than the wild-type DNA polymerase (see Efficient polymerisation on the long primed M13-ssDNA substrate used in this experiment requires the intrinsic processivity of φ29 DNA polymerase (10) . As shown in Fig. 5 , the wild-type DNA polymerase is able to replicate M13-DNA and to produce, because of its strand displacement capacity, DNA molecules greater than unit-length M13-DNA ("rolling circle" replication, see Experimental Procedures). Both mutant DNA polymerases were strongly affected in this assay (Fig. 5 ): mutant DNA polymerase L384R was impaired in reaching and passing the first round of replication (further replication would require strand displacement); mutant DNA polymerase L384Q, that showed wild-type like activity on the shorter template/primer structure under multiple binding events (see Fig. 3 ), had a very low replication efficiency with this DNA, in parallel to the activity shown by the mutant on the shorter template/primer DNA under conditions of a single binding event (see Fig. 4 ).
Premature products due to abortive stops could be detected with both mutant polymerases, possibly as the result of their reduced processivity during replication of this long ssDNA template with secondary structures (Fig. 5 ). In agreement with this, addition of φ29 SSB to this assay, in enough amount to cover all M13-ssDNA, restored to a great extent the defective replication activity of both mutant polymerases (Fig. 5 , Table 1 ).
Protein-primed initiation activity of the 29 DNA polymerase mutants.
φ29 DNA polymerase is able to covalently link any of the four dNMP residues to the TP in the absence of any template DNA (37) . For this reaction the only interactions of the DNA polymerase required are those occurring with the TP and the initiating nucleotide (see Experimental Procedures). As shown in Fig. 6A , in the absence of any template the φ29 wild-type DNA polymerase catalyzes the formation of TP-dAMP. Mutant DNA polymerases L384R and L384Q showed nearly wild-type and 50 % TPdeoxynucleotidylation activity, respectively (see also Table I ). Interestingly, a higher initiation activity than that of the wild-type DNA polymerase was observed with mutant DNA polymerase L384R (Fig. 6A and Table I ). In agreement with these results, in the presence of TP-DNA the apparent affinity for the initiating nucleotide of mutant DNA polymerase L384R was 10 times higher than that of the wild-type enzyme (Table I) . Under the same conditions the V max for mutant polymerases L384R and L384Q was 7-and 3-fold lower, respectively, than that of the wild-type enzyme (Table I ). The lower V max of mutant DNA polymerase L384R explains why, in spite of its 10 times decreased K m , its initiation activity is only 1.4-fold higher than that of the wild-type enzyme. On the other hand, the K m and V max values for the initiating nucleotide in the absence of DNA template with mutant DNA polymerase L384R were wild-type like (Table I) . Therefore, only in the presence of TP-DNA as template the K m for the initiating nucleotide of mutant DNA polymerase L384R was reduced. The initiation activity of mutant DNA polymerase L384R was also tested on different DNA templates: higher TP-dAMP formation than the wild-type DNA polymerase was found on 29 nucleotides-long DNA templates, single-stranded or doublestranded, containing the sequence of the right origin (oriR) of φ29 DNA (Table I) .
DSB protein p6, that activates the initiation of viral DNA replication, forms a nucleoprotein complex at both φ29 DNA ends, producing a conformational change in the DNA that probably leads to local opening of the DNA duplex (38) and favours the initiation reaction due to a decrease in the K m for the initiating nucleotide, dATP (39) . As can be seen in Fig. 6A the initiation activity of the wild-type DNA polymerase increased 4.5 times upon addition of p6 (Table I) . Surprisingly, addition of p6 caused a 30 % reduction on the initiation activity of mutant DNA polymerase L384R and had only a stimulating effect of 1.7 times on the initiation activity of mutant DNA polymerase L384Q ( Fig. 6A and Table   I ).
Protein-primed TP-DNA replication activity of the 29 DNA polymerase mutants.
TP-DNA replication not only requires the initiation reaction, but also several steps in which TP and DNA polymerase are still forming a complex. The transition from TP-primed initiation to DNA-primed replication requires elongation of the initiation product to about by guest on January 21, 2018
http://www.jbc.org/ Downloaded from further transition steps were studied in a truncated replication assay, in the absence of dCTP (see Experimental Procedures). Fig. 6B shows that mutant DNA polymerase L384R was more efficient in TP-(dAMP) 2 formation than the wild-type and mutant L384Q DNA polymerases. In agreement with this, the apparent affinity for dATP of mutant DNA polymerase L384R in TP-(dAMP) 2 formation was also 10 times higher (Table I) seemed to incorporate an error at position 12 of oriR resulting in the decrease of TP-(dAMP) 11 product and the appearance of TP-(dAMP) 14 .
The complete TP-DNA replication activity of the φ29 DNA polymerases was studied in the presence of all four nucleotides (see Experimental Procedures). The TP-DNA replication activities of the DNA polymerases mutated in residue Lys384 were low, 4 % and 10 % of the wild-type activity with mutant polymerase L384R and L384Q, respectively (Table I ).
The affected polymerisation processivity, could explain the reduced TP-DNA replication activity, in spite of the essentially normal initiation activity. In agreement with the results of the initiation and transition experiments, the replication of TP-DNA, especially of mutant DNA polymerase L384R, was reduced upon addition of p6 (see Table I ). On the other hand, the presence of p6 did not affect the polymerisation activity of mutant DNA 
Nucleotide selectivity of the 29 DNA polymerase mutants in TP-primed initiation and DNA-primed polymerization reactions.
Nucleotide insertion fidelity during DNA-primed polymerisation reactions was studied using different template/primer structures (see Experimental Procedures). could be deduced that the misinsertion frequency of mutant DNA polymerase L384R was especially high when C-or T-residues were acting as template (not shown). Although these experiments were performed on ice, to keep the exonuclease activity as low as possible, the remaining exonuclease activity of the wild-type enzyme could be correcting the misinsertions it produces, while possibly the strongly affected exonuclease activity of mutant polymerase L384R would not. Therefore, it was important to study the nucleotide insertion fidelity during TP-primed initiation (see Experimental Procedures), since the 3´-5é xonuclease activity of φ29 DNA polymerase cannot act on the initiation product TPdNMP and will not correct a misinsertion produced during initiation (Esteban et al., 1993) .
Additionally, mutant DNA polymerase L384R had been shown to have an apparently higher affinity for the initiating nucleotide only in the presence of a DNA-template. Fig. 8 shows the dNTP usage relative to dATP in non-templated and templated initiation reactions. As can be seen for the wild-type DNA polymerase and both mutant DNA polymerases, dTTP was the preferred nucleotide for the non-templated TPby guest on January 21, 2018
http://www.jbc.org/ Downloaded from deoxynucleotidylation reaction. The relative usage of the four different dNTPs in this reaction was similar for all three DNA polymerases. Template-directed initiation occurs at both φ29 DNA ends in front of the second 3´-T residue of the TP-DNA template, so that dATP is the correct nucleotide for this reaction. As can be seen in Fig. 8 both mutant DNA polymerases (L384R more than L384Q) had higher error frequencies for the three incorrect nucleotides dCTP, dGTP and dTTP than the wild-type DNA polymerase, indicating that in the presence of TP-DNA they had a lower discrimination capacity for incorrect nucleotides.
Since the exonuclease activity cannot act on the initiation product, the lower base specificity of mutant DNA polymerases L384R and L384Q during initiation could not be the result of their affected exonuclease activity.
We can therefore conclude that during TP-primed TP-DNA initiation and DNA-primed polymerisation reactions mutant DNA polymerase L384R and, to a lower extent, mutant polymerase L384Q have reduced nucleotide insertion fidelity. upon DNA and dNTP binding this residue comes nearer to the templating nucleotide at the polymerisation active site (Fig. 9) . Together with Tyr567 and Gly568 of the same motif it encloses the templating nucleotide ( Fig. 9 ) and according to Franklin et al. (46) "it forms the only protrusion, which could interfere with a bulge on the major groove side of a mispair".
DISCUSSION
The results obtained here with φ29 DNA polymerase lead us to propose that probably this protrusion provides discrimination against mispairs: mutation of the corresponding Leu384 resulted in mutant DNA polymerases with about 2-3 (L384Q) and 8 (L384R) times increased mutation frequency during DNA-templated TP-primed initiation. This higher error frequency of the initiation reaction can be only due to reduced insertion fidelity, since the 3´-5´exonuclease cannot act on the initiation product (6) . The relative usage of the four different dNTPs during template-independent initiation was similar for the wild-type and mutant DNA polymerases, indicating that the reduced nucleotide insertion fidelity was depending on the presence of a template and did not result from a directly increased dNTP binding capacity. The same conclusion could be drawn for the increased affinity for the initiating nucleotide of mutant DNA polymerase L384R, that was observed only in the presence of DNA as template (TP-DNA or oligonucleotides) but not in its absence.
Possibly a different presentation of the templating nucleotide at the polymerisation active site of mutant DNA polymerase L384R results in its apparently increased affinity for dATP, affecting also its reaction velocity during initiation. Protein p6, known to favour the initiation reaction due to a decrease in the K m for the initiating nucleotide (39) possibly due to a favourable presentation of the DNA template in front of the polymerisation active site Mean activity values relative to the wild-type are given in Table I . replication of the template, is shown in Table I for the wild-type and each φ29 DNA polymerase mutant. The assays were carried out as described under Experimental Procedures, using different incubation times at 30 o C, as indicated. When indicated, 36 µM of φ29 SSB was added.
Mean activity values relative to the wild-type are given in Table I . 
